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Abstract 
Coal seam gas or coal bed methane production is becoming a significant industry in Australia. The area around the 
Broke township (located in the north-west of the Sydney Basin) has had coal seam gas exploration activities over the 
last decade. One methodology of well stimulation, hydraulic fracturing, has the potential to cause some 
environmental problems. The Broke region includes 4 aquifers (3 confined and semi-confined), more than 3 major 
coal seams (3 gas bearing) and has been covered by variety of different sedimentary rocks of Permian age. The 
groundwater system, with the gas bearing deposits is the function of conductivity and storativity (K and S) of the coal 
seam and geometry of properties of the fractures. The required data to investigate the hydraulic properties in the 
fractured zone includes; corehole data to assessment the geology and underground system, micro-seismic data to infer 
the fracture properties, pumping tests results, and monitoring wells data to evaluate the hydraulic properties of the 
coal seams. This paper investigates the shape of drawdown curves, resulting from the hydraulic pumping tests at 
Broke performed to determine the hydraulic and fracture properties, such as length, width, conductivity of fractures, 
and the proportion of the water and gas contained in the targeted coal seam. In order to reduce data uncertainty and 
increase the reliability of the hydraulic property estimation the Generalized Likelihood Uncertainty Estimation 
(GLUE) will be applied. Finally, with investigation of the shape (length and width) and conductivity of the fractures, 
the best monitoring method to ensure public safety of provide assurances that if problems occur the monitoring 
system will provide early warning for this study area will be determined.  
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1. Introduction 
Coal seam gas (GSG) is a form of natural gas occurs naturally in some coal deposits and it is becoming 
one of the largest energy resources in Australia. This gas which is dominantly methane, adsorbed on the 
surface of coal matrix and trapped in the matrix micro-pores. The coal seam has a natural fracture system 
that serve as permeability avenues for fluids flow [1]. However, trapping the coal seam under the ground 
and pressure of the overlying geology layers reduces its permeability. Under these conditions, methane 
gas just can be profitably extracted when the coal seam aquifer was depressurized by de-watering and 
created the permeable pathway for gas flow. To achieve these goals, hydraulic fracturing or fracking 
method is applied. The hydraulic fracturing procedure comprises high pressured injection of sand and 
water with some chemical reagents into the gas exploration well to create the fractures, hold the fractures 
open and increase the water and gas flows freely though the networks of fractures and then into the gas 
production well [2,3]. The main difference between the CSG aquifers and other groundwater systems is 
the fluids flow occurs through the fracture networks. The coal matrix and the fractures are hydraulically 
interconnected. The flow is exchanged between the matrix and fractures depending on the pressure, 
temperature and distance from the fracture [4]. The flow is fast through the fracture system although 
matrix flow is the slow flow exchange between fracture and coal matrix [5]. Furthermore, create the 
fracture into the coal seam aquifer and gas exploration process not only can effect on radial groundwater 
flow in the area of influence of the well but also may effect on the surrounding aquifers. Moreover, it is 
essential to improve the understanding of the flow behaviours in fractured rock aquifers to develop the 
safe groundwater supplies and improve the knowledge about likely migration of contamination which is a 
gas fluid from fractured coal seam into upper groundwater reservoirs. To assess the interconnection 
between fractures and coal matrix, hydraulic characteristics of the fractured aquifer are investigated. 
However, determining the hydraulic characteristics is not easy and is becoming an important issue in gas 
exploration industries.  
Hydraulic and fracture properties can be measured in the field. Some techniques to investigate the 
hydraulic properties in fractured rooks include micro-seismic and tiltmeter fracture mapping [6-9], well 
logging and analyzing the core holes data [10,11], pressure and temperature transient [12,13], and 
hydraulic tests data such as packer tests, slug tests and pumping test [14]. Pumping tests are a common 
tool to assess the flow behaviour in fractured rocks with large scale and aim of groundwater management 
[14]. Moreover, different mathematical methods were developed for interpretation of pumping test data. 
The basis of these methods is to analyse the drawdown curves results from pumping test and infer 
information about hydraulic characteristics and physical properties of the targeted seam in unconfined 
[15,16] and confined [17-20] aquifers. The dual-porosity method [18] has been applied to determine the 
hydraulic properties in fractured confined aquifers. This model considers two parts with different 
hydraulic and hydro-mechanic characteristics under the name of matrix blocks and fracture networks 
[20]. Figures 1a, 1b and 1c show the underground natural fracture system, horizontal fractures and 
orthogonal fracture networks, respectively. Furthermore, Fig. 1c shows the concept of the dual-porosity 
system. Although, dual-porosity model is applied to explain the natural fracture system in the coal seam, 
it cannot describe the hydraulic fracture in coal seam gas exploration activities. An idealized hydraulic 
fracture in a coal seam is shown in Fig. 1d. In the coal seam aquifers, the hydraulic fracture is more 
transmissive and the conductivity is defined by fracture width and permeability. During the pumping test, 
the fractures drain the coal matrix and flows are controlled by the fractures [4]. Fracture length and seam 
conductivity effect on the ability of water and gas to move from coal seam aquifer into the fracture and 
gas exploration well (Fig. 2a). In Broke study area, to assess the hydraulic properties of the fractured coal 
seam and any possible impacts on the shallower groundwater, a pumping test was applied for 23 days (7-
30 Oct, 2009) on HB02 gas exploration well with three different pumping rates and had drawdown of 
13 S.S. Askarimarnani and G. Willgoose /  Procedia Environmental Sciences  25 ( 2015 )  11 – 18 
around 90 metres (green curve in Fig. 2b) [21,22]. The cone of depression from the aquifer test is the 
function of conductivity and storativity of underground layers. Moreover, estimating a storativity is 
tedious and error prone, especially in the areas with variety of fractures. Selecting a suitable model to 
describe the flow in fractured rocks is dependent on the fracture conditions and hydrogeological data. 
Previous study illustrated that, MODFLOW is unable to simulate the water flow in fractured coal seam 
[22] and is not designed to model two phase gas flow. This model outcome has been shown in Fig. 2b. 
According to this figure the calibrated model (blue curve) cannot simulate the drawdown parts result from 
gas spikes. For this research, TOUGH2 [23] numerical simulator is being applied. The main reason for 
using the TOUGH2 model is capability of this model to simulate the multiphase flow in fractured and 
porous system. 
             
     (1a)                                   (1b)                                   (1c)                                (1d) 
Fig. 1. Fractured rocks; (1a) natural fractures; (1b) horizontal fractures; (1c) orthogonal fracture networks [24]; (1d) hydraulic 
fractures in a gas exploration site. 
     
          (a)                                                                            (b) 
Fig. 2. (a) Plan of a hydraulic fracture and structure of coal seam; (b) pumping test recorded at HB02 (green curve) and calibrated 
model for pumping test (blue curve) [22]. 
The local and global flow in the fractured coal seam aquifer is also simulated by generating the 
multiple interacting continua or MINC grid [25]. The MINC grid is upgraded of double-porosity model 
[18, 26]. This model presumes the flow in fractured porous media occurs not only between the fractures 
but also between the matrix blocks. Moreover, matrix blocks may exchange fluid locally with the 
fractures [27,28]. In our study after generating the flow model by TOUGH2, the response of the generated 
model will be tested by changing one of the fracture variables such as fracture length and width, fracture 
porosity, fracture appearance, fracture frequency and interface area between the fractures and matrix 
cells. Then, results of model response will be compared with HB02 pumping test curve. By repeating this 
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process and using the uncertainty analysis, it is hoped that we will be able to infer the fracture properties 
and gas flow. Finally based on the approved data, the best method will be specified to improve the 
monitoring system in the Broke study area. For instance, if a different shape of fracture changes the 
drawdown curve, the data should be improved by performing the micro-seismic or tiltmeter fracture 
mapping and if the permeability has more impacts on the drawdown curve, to increase the reality of the 
future studies, more coreholes around the gas exploration well should be drilled. 
 
1.1. Scope of Study Area  
The Broke site encompasses approximately 30 km2. The site is located in the north-west part of 
Sydney basin, within the Hunter Valley, NSW, Australia (Fig. 3). Broke includes two gas exploration 
wells (HB01, HB02) and nine groundwater monitoring boreholes were placed at three positions (BM01, 
BM02, BM03) around the gas wells (Fig. 3) [29]. Both HB01 and HB02 have hydraulically fractured in 
the early 2000’s that much do to on the fracking process (volume of sand, grading of sand) were not kept. 
Two types of groundwater in the Broke area include unconfined and confined aquifers. The groundwater 
level in the unconfined aquifer is approximately three metres below ground level [30]. The recharge in 
this area is predominantly from rainfall. Some of the groundwater is used for agricultural activities. The 
top surface has been covered by unconsolidated alluvium sediments such as clay, silt, sand and gravel 
with approximately 12 metres depth [30]. The Broke region includes three confined and semi-confined 
aquifers which are separated by low permeability layers. Underground geology in this area comprises; 
Wollombi and Wittingham Coal Measures with variety of inter-bedded sedimentary rocks such as 
claystone, siltstone and shale with low permeability, and conglomerate and sandstone with high 
permeability [31,32]. The coal seams from up to the depth of around 350 metres include Whybrow, 
Redbank Creek and Blakefield [33-36]. The water in the confined aquifers is postulated to have been 
come from three sources; the water had trapped in pores when sediments were deposited, along seam flow 
from their outcrops to the north-east of the Broke township, and minor seepage from upper and lower 
geology layers [22].  
 
Fig. 3. Location of Broke study area with geology structures and location of the CSG explorations and monitoring wells 
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2. Conceptual Model and Grid Generation 
The first step for creating the hydrogeological model is grid generation. In the Broke study area the 
coal seams (Whybrow, Redbank Creek and Blakefield) have dual-porosity system. Consequently, the 
MINC method was applied to simulate these coal seams. For this purpose, Wingridder [37,38] grid 
generator was applied. The Wingridder has ability to create the MINC grid based on the integral finite 
difference method (IFDM) [39,40]. In order to develop the MINC grid, first 2D and 3D grid were 
generated for the area with the extension of approximately 800*800*300 metres. This area includes three 
coal seams and one gas exploration well (HB02). Underground geology from top to bottom was divided 
to nine geology layers depend on the differences in hydraulic properties. The nine geology grid layers 
were prepared in ArcGIS and Surfer by using geological descriptions of 39 available excavation logs 
located around the study area. The numbers of nodes in both X and Y directions were defined 41 with 
around 19.5 metres node spacing. The top boundary condition was specified by digital elevation model 
(DEM) and the bottom elevation of the layer nine was assigned as a bottom boundary. Then the binary 
files of nine grids files, top and bottom elevations were prepared. These binary files with other files 
comprising the location of CSG exploration (HB02), fracture properties, rock properties and boundary 
conditions were prepared and imported into the Wingridder software. Once the 2D grid was created and 
modified, by loading the underground geology data (under the name of layer list and layer rock) the 3D 
grid was generated.  
Then the MINC grid was developed by using the 3D grid and defining the sub-mesh box for the three 
coal seams. Although Wingridder has capability to generate the MINC grid for the area containing natural 
fractures (type #1, 2 and 3), it cannot simulate the hydraulic fractures result from CSG exploration 
activities. The hydraulic fractures in HB02 are believed to have a length and width of around 150 metres 
and 5-50 millimeters, respectively. The width between the fracture planes had been filled by sand of 
unknown grading. Consequently, the shape of the hydraulic fracture in the Blakefield coal seam is very 
similar to a vertical plane, which is filled by sand. Modelling this conceptualisation, the hydraulic fracture 
was defined as a rock zone with sand material inter-bedded in the Blakefield coal seam. 
3. Modeling Approach 
The matrix-fracture interactions are handled by using the MINC model. In this step, MINC grid 
generated by Wingridder was exported to the TOUGH2 for simulating the multiphase flows. TOUGH2 
has different modules for modeling the variety of multi-phase multi-component fluid flows. In this 
research TOUGH2/EOS7C [41] modular was applied. EOS7C is an “equation of state” modular for 
TOUGH2 simulator which has a capability to model the methane gas. The model was run for 23 days 
which is a same time for pumping test on HB02. After the first run, the sensitivity of the model will be 
tested by running the model with different hydraulic characteristics and fracture properties. Consequently, 
combination of TOUGH2/EOS7C with the Wingridder let us to simulate the flow and transport with 
natural and hydraulic fractures.  
4. Further Paths of This Study 
Based on the work discussed in this paper, the next step of this research will be improved the output 
results from generated model. For this step, generalized likelihood uncertainty estimation (GLUE) 
method [42] will be applied. The GLUE procedure is the Monte Carlo approach [43], which is an 
extension of generalized sensitivity analysis. The core idea of this method is to use the random samples of 
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parameters to explore the behaviour of a complex systems or processes [44,45]. In this research, 
uncertainty analysis with the GLUE model will be applied in following process (Fig 4): 
- a full set of input files with the adopted grid and rock parameterization is developed. These will be the 
basis of the Monte-Carlo exploration if the parameters space that is done by GLUE. These are called the 
template files; 
- GLUE generates a large number of parameters. Within each parameter set, each parameter is detremined 
by randomly generating a value over a range that is considered to be feasible. In this way a large number 
of possible parameter scenarios are generated. Typically more than 1000 runs are done but the number of 
runs required depends on the number of parameters that are being varied. These runs are then compared 
to the field data and an assessment of the fit to the data is made. The details of how each run (or 
realisation) is performed is outlined in the following points; 
- the realisation input files are copied into the TOUGH simulator as its input files. These realisation files 
are a copy of the template files but where the parameters is the template file that are being modified are 
replaced by the random parameters values generated for that realisation. This is done by Python script that 
reads the template file and which modifies the appropriate lines in the template file;    
- run the TOUGH simulator with the realisation input files. One of the significant parts of this process is 
the role of Tellusim simulator to launch and control of the TOUGH executable during the TOUGH runs. 
Tellusim contains the Python scripts to do the GLUE simulation. This process makes it possible to find 
and address any code problems which occur during the TOUGH runs; 
- copy the output files result from the TOUGH runs and archive the output files from realisation. Again 
this is done automatically by Python scrip in Tellusim;  
- the last part of this process is data analysis. To analyse the output files Tellusim simulator, Matlab, R or 
any visualization tools can be used. However, the need to analyse thousands of output run from TOUGH2 
means that in this stage we are heavily reliant on statistical analyses rather than visual inspection to assess 
the output. These statistical analyses need to be focused on those aspects of the problem that are most 
important. This identification of important features that be assessed can in itself be a non-trivial problem 
when the outputs may cover a broad range of groundwater behaviour. 
 
 
Fig. 4. Uncertainty analysis with the GLUE model 
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In brief, characteristic of the natural fractures (fracture porosity, fracture geometry and interface area 
between the fracture and matrix) and length, width and hydraulic properties of the hydraulic fracture will 
be changed in different TOUGH2 runs. Then, by using the GLUE model the best fit and reality of the 
model will be assigned. Finally the best monitoring method will be specified to improve the monitoring 
systems. 
5. Conclusion 
In this paper we have outlined how Monte-Carlo uncertainty analyses will be used to infer the 
properties of a hydraulically fractured well from pump test data alone. While this is an important 
objective in its own right there is further, perhaps more important, role for this approach. At the current 
time methods for assessing the as-constructed characteristics of a fracked well are poorly developed. The 
approach outlined here will potentially be useful for assessing the characteristics of wells after 
development, and potentially provide a cost effective means to demonstrate the environmental safety of 
fracked wells after installation. This contrasts with current approaches of reassurance that rely upon 
assertions of safety based on accepted construction methodology, and lack of evidence of problems 
during production. 
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